The smooth-hounds represent a significant proportion of the elasmobranch catch in the Adriatic basin of the Mediterranean Sea, where the common (Mustelus mustelus) and blackspotted (Mustelus punctulatus) smooth-hounds co-occur. The 2 species share several morphological and morphometric characters that lead to frequent misidentification. In order to provide information useful for their species identification, we performed a morphological identification of several Mustelus specimens to select individuals unambiguously attributed to 1 of the 2 species, and assayed these with 3 new molecular tests. First, we developed and validated a mitochondrial DNA assay based on speciesspecific amplification of the cytochrome c oxidase subunit 1 (COI). Second, a fragment analysis of 15 microsatellites crossamplified from several triakid species was performed to identify diagnostic loci. Finally, a length difference was identified in the internal transcribed spacer 2 (ITS2) region and a diagnostic test based on its amplification was established. All the samples classified morphologically as M. mustelus and M. punctulatus showed a species-specific profile using all the 3 molecular tests. In addition, cross-amplification of microsatellites allowed identification of 9 highly polymorphic loci that will be useful for the study of the mating system and population differentiation of the 2 species.
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Subject areas: Conservation genetics and biodiversity
Elasmobranchs are one of the most threatened groups of marine animals worldwide (Lucifora et al. 2011 ). Due to their characteristic life history traits, including slow growth, late age-at-maturity and relatively low fecundity (Stevens et al. 2000) , elasmobranchs have a low reproductive potential. This results in a low capacity to increase population size, which limits their ability to sustain fisheries and recover from declines (Camhi et al. 1998; Cailliet et al. 2005; Musick 2005) . Approximately 20% of the evaluated species of elasmobranch are considered at high risk of extinction, whereas more than 40% are evaluated as Data Deficient (IUCN 2014) .
The Mustelus genus is the most species-rich genus of the widespread family Triakidae, comprised of small to mediumsized demersal sharks abundant in temperate and tropical nearshore habitats (Compagno 1984) . Mustelus spp. are commonly subject to intense fishing activity, which has led to the overexploitation of several coastal populations as reported in the Mediterranean waters (Aldebert 1997; Jukic-Peladic et al. 2001; Ferretti et al. 2005; Barausse et al. 2014 ). In the Mediterranean Sea Mustelus spp. are caught as by-catch by demersal trawls, trammel nets, gillnets and longlines (Bauchot 1987; Bradaï et al. 2002) . In addition, these species are the target of artisanal and semi-industrial fisheries in the Adriatic Sea and in waters off Sicily, Spain and Cyprus (Serena et al. 2009; Barausse et al. 2014) . Mustelus spp. have recently been classified as Endangered in the Italian IUCN Red List (Rondinini et al. 2013) , calling for specific and effective management actions.
The Mustelus genus is highly problematic with respect to taxonomy and systematics (López et al. 2006) . Scarce comparative material and paucity of informative morphological variation have hindered the delineation of species boundaries within the genus (Heemstra 1997; López et al. 2006 ). This longstanding confusion concerning the discrimination and classification of Mustelus species limited the biological studies on this genus (López et al. 2006; Farrell et al. 2009 ). Moreover, the lack of species-specific biological and fisheries data regarding Mustelus spp. hampers the development of effective management and conservation strategies (Aldebert 1997; Rondinini et al. 2013) .
The Mustelus genus is represented in the Mediterranean Sea by 3 species; the common smooth-hound (Mustelus mustelus, Linnaeus 1758), the blackspotted smooth-hound (Mustelus punctulatus, Risso 1827) and the starry smooth-hound (Mustelus asterias, Cloquet 1819) (Serena 2005) . In M. asterias the white spots on the dorsal side were historically considered as a characteristic diagnostic trait, however recent studies have shown that they are highly variable and may be vivid and well defined, faint or even absent in some cases (Heemstra 1973; Farrell et al. 2009 ). Due to the lack of a clear and accurate phenotypicbased identification method, Farrell et al. (2009) developed a simple but reliable approach for the rapid differentiation of M. asterias and M. mustelus, the most relevant Mustelus spp. in the Northeast Atlantic Ocean, based on a multiplex polymerase chain reaction (PCR) and agarose gel amplicons separation.
In the case of M. mustelus and M. punctulatus, which are much more common and more regularly caught than M. asterias in the Northern Adriatic Sea (Barausse et al. 2014 ), morphological identification is problematic, preventing the collection of reliable species-specific landings and survey data. Morphological traits considered diagnostic of these 2 species include: the first dorsal fin, presenting a dark and frayed edge in M. punctulatus; black spots on sides in M. punctulatus; dermal denticles with smooth tips and weak ridges that extend at most only half their length in M. mustelus, whereas in M. punctulatus they appear tridentate, with longitudinal ridges extending their entire length (Quignard and Capapé 1972; Heemstra 1973; Farrell 2010) ; the ratio between internostril distance and nostril length, being ≥1.5 in M. mustelus whereas ≤1.2 in M. punctulatus (Fischer et al. 2001) . However most of these morphological characteristics are difficult to score especially in early juvenile individuals and often lead to uncertainty in the identification and frequent misidentification of samples (Compagno 1984) .
To date, no quantitative analyses are available about levels of morphometric or genetic inter-specific differentiation between M. mustelus and M. punctulatus to support the quantification of species-specific catches. Molecular identification tools have been successfully used for Mustelus spp. (MacDonald 1988; Gardner and Ward 2002; Farrell et al. 2009; Barbuto et al. 2010; Moftah et al. 2011; Pérez-Jiménez et al. 2013) , highlighting the benefit of combining morphological and genetic analyses to correctly identify species.
In order to provide information useful for their recognition, we performed a morphological identification of several Mustelus specimens from the Northern Adriatic Sea with the aim to select individuals unambiguously attributed to 1 of the 2 target species. These samples were used to validate 3 different newly developed molecular tests: 1) a mitochondrial DNA (mtDNA) assay based on species-specific amplification of a fragment of the cytochrome c oxidase subunit I (COI); 2) a microsatellite loci method based on different allelic distribution in the 2 species; and 3) a test based on a diagnostic length difference in the internal transcribed spacer 2 (ITS2). Our results provide a suite of important tools for the implementation of species-specific fisheries monitoring and effective management and conservation of these species.
Materials and Methods
In fulfillment of data archiving guidelines (Baker 2013) , we have deposited in Dryad the primary data underlying the analyses reported in this paper (doi:10.5061/dryad.39q83). All the analyses were carried out on dead specimens caught during normal fishing activity and, therefore, no approval from the local ethics committee was necessary.
Morphological Identification
A set of individuals of the 2 species occurring in the Adriatic, namely M. mustelus and M. punctulatus, was obtained by local fishermen. Samples were collected from offshore Chioggia (45°13′N, 12°17′E), in the Northern Adriatic Sea, between 2012 and 2013.
The total length (TL) of each specimen was measured to the nearest mm, and sex was assessed based on the presence/ absence of claspers in the pelvic fins (constituting the male copulatory organs). We used the presence of black spots on the dorsal side as diagnostic of M. punctulatus. Since we cannot exclude that some juveniles of M. punctulatus may lack the characteristic black spots, and as such may be confused with M. mustelus, to further reduce the uncertainty, identification as M. mustelus or M. punctulatus was confirmed by the ratio between the inter-nostril distance and nostril length, higher than 1.5 in M. mustelus and lower than 1.2 in M. punctulatus (Fischer et al. 2001 ). We did not use the characteristics of the first dorsal fin (dark and frayed edge), because we noticed wide inter-individual variability in this trait.
Based on the morphological identification, we selected 20 individuals definitely identified as M. mustelus and 20 as M. punctulatus, and we performed genetic analyses to test and validate the specificity of the newly developed molecular assays to differentiate the 2 target species. To this end, genomic DNA was extracted from muscle tissue samples of all specimens using a standard salting out protocol (Patwary et al. 1994) . Extracted DNA was stored at −20 °C before further genetic analyses.
Molecular Analysis: mtDNA (COI) mtDNA primers were designed based on available sequences of the cytochrome c oxidase subunit I (COI; 48 sequences for M. mustelus and 62 for M. punctulatus; GenBank accession numbers in Supplementary Table 1 online) .
A common reverse primer Mustelus_COIR (5′-GTTT GATATTGGGAAATGGCTGG-3′) was designed to anneal in both species.
For each species, 2 species-specific forward primers were designed on regions with specific mutations, to selectively amplify species-specific fragments when combined with Mustelus_COIR. To this purpose, each primer was designed with the 3′-end annealing to a diagnostic mutation; an additional mismatch was introduced at the second to last 3′ base to improve specificity (see Supplementary  Figure 1 online). The choice to design for each species 2 specific forward primers was justified by the impossibility to predict a priori their usefulness and their efficiency in PCR amplification. For M. mustelus the primers MmusCOIaF (5′-TAAGCTTTTGACTCCTCCGG-3′) and MmusCOIbF (5′-TGCAGGTACCGGCTGAAGA-3′) were designed to produce fragments of 244 and 180 bp, respectively. For M. punctulatus the primers MpunCOIaF (5′-CATAAGCTTCTGACTTCTTCGT-3′) and MpunCOIbF (5′-AGCAGGTACCGGTTGAAGC-3′) were designed to produce fragments of 246 bp and 180 bp, respectively.
These primers were used to develop a fast test for species identification based on the simultaneous use in PCR of the combination of 2 forward primers and the common reverse primer. Specifically, we combined a forward primer for a large fragment in 1 species with the primer for a small fragment in the other species. PCR was carried out in a final volume of 10 μl, in a reaction mixture containing the following reagents: 1X PCR Buffer with 1.5 mM MgCl 2 (RBC), 0.2 mM of deoxynucleotide triphosphates (dNTPs; Promega), 0.15 μM of the species-specific forward primers MmusCOIaF and MpunCOIbF (or MmusCOIbF and MpunCOIaF), 0.15 μM of the common reverse primer Mustelus_COIR, 0.05 U/ μl of Taq polymerase (RBC) and 100 ng of the extracted DNA. A negative control containing no template DNA was included in all PCR reactions and a positive control containing a mixture of the DNA of the 2 target species was also tested (see Supplementary Figure 2 online). Amplifications were performed using the following settings: initial denaturation 2 min 94 °C, followed by 30 cycles of 30 s denaturation at 94 °C, 30 s annealing at 60 °C and 1 min extension at 72 °C, final extension 72 °C for 5 min. The same PCR conditions were used to amplify specific fragments with a given primer pair. PCR products were run on a 1.8% agarose gel to identify species based on the obtained fragment length.
In addition to testing the 40 unambiguously identified M. mustelus and M. punctulatus specimens, to confirm that the method will not misidentify the rare M. asterias which may occasionally occur within the study area (Jukic-Peladic 2001; IUCN 2014) and to provide molecular tools for smoothhound identification useful at larger geographic scale, we applied our mitochondrial test on 20 M. asterias from the Atlantic Ocean (11 from the North-West Ireland, North Atlantic and 9 from the South Wales, Bristol Channel), as reported in Supplementary Figure 3 online.
Molecular Analysis: Nuclear DNA (Microsatellite Loci)
A total of 105 microsatellite loci were selected from literature for cross-amplification optimization in M. mustelus and M. punctulatus (see Supplementary Table 2 online). Thirtyseven (35%) successfully cross-amplified and were labeled for fragment analysis using an automated sequencer. Twenty-two loci were discarded because of genotyping problems, due to the presence of stutter bands, multiple peaks and faint profiles in a significant proportion of the individuals. The remaining 15 loci produced high quality profiles and were screened for species-specific alleles after multiplexing in 2 separate PCR reactions (multiplex A and B, Table 1 ). PCRs were carried out in 10 μl total volume containing: 1X QIAGEN Multiple PCR Master mix (QIAGEN, HotStarTaq DNA Polymerase, Multiplex PCR Buffer, dNTPs Mix), 0.2 μM primer mix (containing forward and reverse primers of one of the 2 multiplex reactions) and 100 ng of DNA template. PCR conditions were as follows: initial activation step for 15 min at 95 °C, 30 cycles of 30 s at 94 °C, 90 s at 57 °C and 1 min at 72 °C, and final elongation for 30 min at 60 °C.
Fragment analysis was performed by an external service (www.bmr-genomics.it) on an ABI 3100 and sized with LIZ500 (Applied Biosystems). Scoring was carried out using PEAK SCANNER ver. 1.0 (Applied Biosystems). Binning was automated with the software FLEXIBIN ver. 2 (Amos et al. 2007 ) and the final allele sizing was then manually checked to ensure the accuracy of the process. Ten per cent of all specimens was re-genotyped and rescored manually to detect potential errors and no discrepancies were found. As for the mtDNA test, we performed microsatellites analysis on 20 M. asterias from the Atlantic Ocean to confirm that there were no misidentified starry smooth-hounds (M. asterias) within the sample set.
Molecular Analysis: Nuclear Ribosomal DNA (ITS2)
The ITS2 was initially amplified in 1 M. mustelus and 1 M. punctulatus specimens employing the shark universal primers FISH 5.8S_F and FISH 28S_R (Shivji et al. 2002) . Amplification reaction was carried out in 30 μl and contained 3 μl of the genomic DNA, 0.5 μM of each primer, 1X PCR Buffer (RBC), 2.5 mM of MgCl 2 (RBC) 2% formamide, 0.2 mM of dNTPs (Promega), 1 U of Taq polymerase (RBC) and ddH 2 O to adjust the final volume. A negative control containing no template DNA was included in all PCR reactions. Amplifications were performed using the following thermal cycling profile: initial heating of 94 °C for 5 min, followed by 35 cycles of 94 °C for 45 s, 57.6 °C for 30 s, and 72 °C for 90 s, followed by a final extension step of 72 °C for 10 min. PCR products were sequenced by a commercial sequence service provider (Macrogen Europe, Amsterdam, the Netherlands) with the same primers used for amplification. Sequences were manually edited and aligned with the software MEGA5 (Tamura et al. 2011 ). The amplicons obtained were approximately 1.4 Kb long (GenBank accession numbers KM455551-KM455552), and they were similar in sequence and length between species, except for a short region with a length polymorphism. We designed 2 primers (MUSF: 5′-GTGAAAGGTGCTGTCCTG-3′ and MUSR: 5′-CTCCAACGGTAACGGAAA-3′) flanking this polymorphic region in order to produce a fragment 24 bp longer in M. mustelus than in M. punctulatus. PCR was carried out in a final volume of 10 μl, with a reaction mixture containing: 1X PCR Buffer with 1.5 mM MgCl 2 (RBC), 0.2 mM of dNTPs (Promega), 0.5 μM of each primer, 0.05 U/μl of Taq polymerase (RBC) and 100 ng of Table 1 Characteristics of 15 microsatellite loci cross-amplified in the species the extracted DNA. A negative control containing no template DNA was included in all PCR reactions. Since we could not rely on agarose gel electrophoresis to discriminate the subtle length difference between species, we labeled the MUSF primer with HEX dye and PCR products were run on an ABI 3100 with size standard LIZ500 (Applied Biosystems). As for microsatellites, fragment analysis was performed using PEAK SCANNER ver. 1.0 (Applied Biosystems) and was extended to the 20 additional samples of M. asterias.
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Reference Samples
Reference samples were constituted by 20 M. punctulatus (7 females and 13 males) ranging from 320 to 1085 mm TL, and by 20 M. mustelus (18 females and 2 males) ranging from 980 to 1480 mm TL. Voucher reference samples are available on request.
Species Identification Based on Molecular Analysis: mtDNA
All 40 reference samples were typed via PCR amplification using the 4 species-specific forward primers together with the common reverse primer. The PCRs were resolved by gel electrophoresis and each of the 4 primer combinations amplified the expected length fragment for the respective species; we therefore report results based on both set of primers. In particular, fragments of 244 bp length or 180 bp were obtained from all the individuals morphologically classified as M. mustelus using the primer pairs MmusCOIaF/Mustelus_COIR and MmusCOIbF/Mustelus_COIR, respectively; these 2 primer pairs did not yield any product in M. punctulatus. Conversely fragments of 246 bp and 180 bp, obtained using primer pairs MpunCOIaF/Mustleus_COIR and MpunCOIbF/Mustelus_ COIR were characteristic of M. punctulatus. The fragments were clear, defined and well separated on a 1.8% agarose gel, allowing for easy and unambiguous identification of the 2 target species. The same results were obtained when using simultaneously in the amplification 2 forward primers with different species specificity and producing diagnostic fragments of different length. All the 20 individuals morphologically identified as M. mustelus showed the 1-band phenotype of M. mustelus (244 bp with the combination MmusCOIaF/MpunCOIbF or 180 bp with combination MmusCOIbF/MpunCOIaF) and the remaining specimens showed the 1-band phenotype of M. punctulatus (246 bp with MmusCOIbF/MpunCOIaF or 180 bp with MmusCOIaF/MpunCOIbF; Figure 1) .
In contrast, the test performed on samples of M. asterias, did not yield any product with the combination of MmusCOIaF/ MpunCOIbF and the common reverse primer Mustelus_COIR or with MmusCOIbF/MpunCOIaF and the common reverse primer Mustelus_COIR (see Supplementary Figure 3 
online).
Species Identification Based on Molecular Analysis: Microsatellite Loci
For microsatellite markers, we genotyped the 40 reference individuals at the optimized 15 loci. All the loci successfully amplified in all the individuals of at least one species. Nine microsatellites resulted to be highly polymorphic (Table 1 , multiplex B). The remaining 6 loci (Table 1, multiplex A) were characterized by low polymorphism, cross-amplified in both species and had allelic distribution that allowed to easily discriminate the 2 species (Table 2) . Three of them (Gg4, MaTJ5 and Mh1) presented different alleles fixed in the morphologically identified individuals of the 2 species. Loci Gg20 and Mca33 showed a maximum of 2 alleles per species and non-overlapping alleles range. Locus McaB26 displayed a different pattern between species, with M. punctulatus fixed for Figure 1 Results of the PCR amplification of the COI gene for Mustelus mustelus and M. punctulatus. Lane M and N are the 100 bp molecular ladder (Invitrogen) and the negative control, respectively. Lanes 1-10 are M. mustelus; lanes 11-20 are M. punctulatus. Lane Ma is M. asterias. In (A) all samples were amplified using the forward primer combination MmusCOIaF/MpunCOIbF together with the reverse primer Mustelus_COIR; the arrow on the left shows fragment length expected for M. mustelus with the primers MmusCOIaF/Mustelus_COIR, whereas arrow on the right shows fragment length expected for M. punctulatus using primers MpunCOIbF/Mustelus_COIR. In (B) all samples were amplified using the forward primer combination MmusCOIbF/MpunCOIaF together with the reverse primer Mustelus_COIR; the arrow on the left shows fragment length expected for M. mustelus with the primers MmusCOIbF/ Mustelus_COIR, whereas arrow on the right shows fragment length expected for M. punctulatus using the primers MpunCOIaF/Mustelus_COIR. allele 224 and M. mustelus characterized by 229/229 homozygotes (N = 10) or 224/229 heterozygotes (N = 10). Due to this different allele distribution, these markers were useful to unambiguously recognize all reference specimens of the 2 species and the microsatellite genotypes identification was consistent with the morphological and mitochondrial results.
Finally, 9 loci successfully cross-amplified in M. asterias (see Supplementary Table 3 online) ; among these, McaB26, 1 of the 6 loci that allowed to distinguish M. mustelus from M. punctulatus, discriminates also M. asterias, showing a different fixation for allele 220.
Species Identification Based on Molecular Analysis: ITS2
The fluorescent-labeled amplicons of the 40 individuals were resolved by capillary electrophoresis and, as expected, the primer pair amplified fragments of 185 bp and 161 bp in M. mustelus and M. punctulatus, respectively (see Supplementary  Figure 4 online). Thus, the ITS2 assay confirmed the molecular identification of the 2 focal species achieved with the other markers, however it did not allow to distinguish the M. asterias samples, since all showing a 161 bp fragment (data not shown).
Discussion
The genetic analyses support the discrimination of 2 species within the sample set, the common smooth-hound (M. mustelus) and the blackspotted smooth-hound (M. punctulatus), as initially determined by morphologically identification.
This study outlines 3 novel molecular methods for species identification, all of which show different characteristics, strength and weakness. In particular, the first method based on simple agarose gel discrimination of COI fragments, is very fast and cost-effective. The COI gene is globally accepted as the barcode of life gene and is commonly used as an identification tool (Hebert, Cywinska et al. 2003; Hebert, Ratnasingham et al. 2003) . The method presented here removes the need for expensive sequencing and is thus suited to the large-scale screening of fisheries samples. It should be noted that the mtDNA basis of the first method means that it is limited to the identification of the maternal genetic contribution. The second method, based on different allele distribution of 6 microsatellite loci amplified in a single multiplex reaction, overcomes this limitation allowing to highlight potential hybridization events. The small differences between the 2 target species necessitate careful testing of reliability of discrimination on samples from a wider geographic scale. Finally, the test based on a short polymorphism of the ITS2, is very fast and simple, and is characterized by a robust PCR amplification due the presence of multiple copies of this region (Yao et al. 2010) .
The analyses of polymorphisms in microsatellites allowed also to identifying a set of 9 highly polymorphic microsatellites that can represent a useful resource for paternity and population analyses in these 2 species.
Longstanding ambiguity in discriminating M. punctulatus from M. mustelus in the Mediterranean Sea has prevented accurate delineation of their distribution ranges and their relative abundance. Further, biological studies conducted in regions of overlap may be confounded by misidentification, resulting in M. punctulatus being assessed as Data Deficient in the Mediterranean Sea on the IUCN Red list (Cavanagh and Gibson 2007) . Most of the morphological characters that distinguish these species are difficult to score particularly in neonates, juveniles and subadults and often lead to uncertainty in the identification and frequent misidentification of samples. The development of a reliable molecular method can improve the knowledge of these 2 species.
The combination of morphological and molecular data for species identification has been recently used to successfully resolve the status of other problematic elasmobranch genera, such as Galeus (Castilho et al. 2007) , Orectolobus (Corrigan et al. 2008) and Gymnura (Smith et al. 2009 ). In the Egyptian Mediterranean Sea, Moftah et al. (2011) combined classical morphometric measurements and DNA barcoding approach to identify commercial sharks. Regarding Mustelus spp., this study clearly recognized 2 well-defined groups, corresponding to the species M. mustelus and M. punctulatus. However, specimens could not be attributed to M. punctulatus species when matched with the GenBank database, potentially underlining a problem with the deposited sequences at the species level. In addition, none of the specimens displayed black spots potentially leading to morphological misidentification (Moftah et al. 2011) .
In this context, we now provide novel molecular tools specific for the discrimination of M. mustelus from M. punctulatus based on specimens unambiguously identified using morphology characteristics. Additionally, the ability of the mtDNA method on the one hand, and the McaB26 microsatellite locus on the other, in discriminating these 2 species from M. asterias has been verified, thus providing an identification tool appropriate for the most abundant Mediterranean Mustelus spp. Our methods complement that proposed by Farrell et al. (2009) , based on the ND2 gene, for Northeast Atlantic Mustelus spp.
The implementation of a reliable multidisciplinary method, combining morphology and molecular data, presents an important tool for the management, conservation, and fisheries monitoring of Mustelus spp. in the Mediterranean Sea. These methods may be further developed by analyzing a larger set of individuals, to exclude false negative results due to intraspecific polymorphisms, and by investigating a more comprehensive suite of morphological measurements. These may include detailed investigation of the dermal denticles and buccopharyngeal denticles which are known to demonstrate interspecific variability (Quignard and Capapé 1972; Heemstra 1973; Farrell 2010) . Landings data reported by FAO show that landings of Mustelus spp. (probably including M. mustelus, M. asterias and M. punctulatus, of which M. mustelus is believed to be the most common in this region) in the Mediterranean Sea steadily increased between 1950 and 1978 to 14 000 t, whereas they fluctuated between 6500 t and 14 000 t from 1978 to 1994. After 1994, landings dropped significantly, decreasing to 2980 t in 1997 and did not exceed 2200 t from to 2006 (FAO 2013 . A similar drop in landing was observed also in the northern Adriatic Sea (Clodia database 2013; Barausse et al. 2014) . Although these landings are not species-specific, they strongly suggest that these species have declined in abundance in the Mediterranean Sea (Rondinini et al. 2013) , calling for effective management actions whose first step is the unambiguous species identification.
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